Increased electrical breakdown strength and increased dielectric permittivity of silicone-based dielectric elastomers are achieved by means of the addition of so-called voltage-stabilisers prepared from PDMS-PPMS copolymers as well as PDMS-PEG copolymers in order to compensate for the negative effect of softness on electrical stability of silicone elastomers. The voltage-stabilised elastomer, incorporating a high-permittivity PDMS-PEG copolymer, possesses increased relative permittivity, high electrical breakdown strength, excellent network integrity and low dielectric loss and paves the way towards specialised silicone elastomers for dielectric elastomer transducer products with inherent softness and electrical stability, and thus increased actuation at a given voltage.
Introduction
Silicone-based dielectric elastomers (DEs) possess a low Young's modulus, i.e. they are inherently so and excellent for utilisation as dielectric actuators.
1,2 In order to achieve larger actuation strains at any given voltage, silicone DEs must possess increased relative permittivity combined with increased soness. However, the combination of soness and increased permittivity is not always simple. 3 For instance, a silicone elastomer incorporating metal oxide llers has increased dielectric permittivity, but this results in a stiff elastomer due to strong particle-particle interactions. 4 Thus the electro-mechanical response is not improved. Furthermore the electrical breakdown strength depends on the Young's modulus, such that increased soness will decrease the electrical breakdown strength as well as the electromechanical stability being negatively inuenced.
1,5
Increased relative permittivity is oen sought as the primary source for improved actuation, with approaches including integrating highly polarisable llers, 4,6-9 covalent graing of dipoles to the silicone backbone [10] [11] [12] [13] and phase-separating systems containing high-permittivity liquids or copolymers. [14] [15] [16] Besides enhancing relative permittivity, the optimisation of silicone DEs with respect to largest achievable actuation strains can be done by enhancing electrical breakdown strength. For an improvement in this regard, approaches include elastomers incorporating either metal oxide llers 17 or additives with a voltage-stabilising effect. [18] [19] [20] Furthermore, silicone elastomers containing phenyl groups have been shown to possess increased electrical breakdown strength via voltage stabilisation due to an electron trapping effect. 21 The voltage-stabilised silicone elastomer is prepared from a polydimethylsiloxane-polyphenylmethylsiloxane (PDMS-PPMS) copolymer, which is subsequently cross-linked. The crosslinked PDMS-PPMS copolymer phase separates microscopically, due to immiscibility between PPMS and PDMS. This microscopic phase separation in cross-linked PDMS-PPMS copolymers has been proven favourable with respect to electrical properties. 21 Phase separation is commonly known to occur in polymer blends and block copolymers. Polymer blends phase separate due to the immiscibility of the polymers as a result of minimising free energy when the polymers separate. 22, 23 Thermoplastic polymer blends possess different types of well-dened structures, such as bi-continuous structures, [23] [24] [25] islands 23 and holes, 23 and these phase-separated structures depend strongly on the volume fraction of the constituents in the polymer blends. A silicone elastomer prepared from a binary polymer blend consisting of a conducting PDMS-PEG copolymer and non-conducting PDMS was shown to result in the creation of a continuous phase of PDMS and a discontinuous phase of PEG. 16 Favourable phase morphologies in cross-linked blends can be achieved via proper blending and preparation methods.
Previous work on incorporating PDMS-PEG copolymers in commercial silicone elastomer 16 has resulted in elastomers with increased dielectric relative permittivity without compromising the inherent soness of the silicone elastomer. However, the electrical breakdown strength of such elastomers is comparable to that of the commercial elastomer or slightly less. Voltage stabilization resulting in increased breakdown strength has been achieved by formulation of silicone elastomers with PDMS-PPMS and thus paves the way towards specially designed elastomers with high electrical stability. 21 Hence incorporating a relative permittivity enhancer such as PDMS-PEG copolymer in a voltage-stabilised silicone elastomer may show the favourable combination of high dielectric permittivity and high electrical breakdown strength.
In this work, phase separation as a means of optimising silicone elastomers is explored further by combining two recently synthesised copolymers (PDMS-PEG and PDMS-PPMS copolymers), which have been shown to enhance relative permittivity and electrical breakdown strength, respectively.
Experimental

Materials and methods
Telechelic vinyl-terminated polydimethylsiloxanes and telechelic hydride-terminated polyphenylmethylsiloxanes (used in the synthesis of a PDMS-PPMS copolymer) were DMS-V21 and PMS-H03, with an average molecular weight (M n ) of 6000 and 400 g mol
À1
, respectively. In the synthesis of the PDMS-PEG copolymer, telechelic hydride-terminated polydimethylsiloxanes (H-PDMS) were DMS-H21, DMS-H11, DMS-H03 and SIH6117.0, with M n of 6000, 1050, 550 and 208 g mol
, respectively. All of the abovementioned PDMS copolymers were purchased from Gelest Inc. , 9-functional). Both the catalyst and the cross-linkers were purchased from Gelest Inc. Telechelic vinylterminated polyethyleneglycol (V-PEG) was acquired from Sigma Aldrich. Fumed silica (SIS6962.0) and volatile methylsiloxane (VMS) were purchased from Fluorochem and Dow Corning, respectively.
The synthesised copolymers were synthesized from telechelic hydride-functional PDMS-PPMS copolymers and telechelic vinyl-functional PDMS-PEG copolymers. The degrees of conversion for the vinyl and hydride PDMS groups from the hydrosilylation reactions of the hydride-terminated PPMS and vinyl-terminated PDMS, and the hydride-terminated PDMS and vinyl-terminated PEG, respectively, were determined through proton nuclear magnetic resonance spectroscopy ( 1 H-NMR), which was performed on a Bruker 300 MHz NMR. The full conversion of hydride and vinyl groups during hydrosilylation reactions was monitored by observing the disappearance of hydride and vinyl peaks. The number of scannings per sample was 128, and sample concentration was 100 mg mL À1 in deuterated chloroform (CDCl 3 ). The numbers of average molecular weights (M n ) of the copolymers were determined via size-exclusive chromatography (SEC), which was performed on a Viscotek GPCmax VE-2001 instrument equipped with a Viscotek TriSEC Model 302 triple detector, using two PLgel mixed-D columns from Polymer Laboratories. Solutions for SEC containing copolymers dissolved in toluene were prepared in a concentration of 2-3 mg mL À1 and were run at 35 C at an elution rate of 1 mL min À1 .
The soware for molecular weight distributions was WinGPC Unity 7.4.0 and linear PDMS standards acquired from Polymer Standards Service GmbH. Measurement of the electrical breakdown strength of thin lms with a thickness of less than 135 mm was performed on an in-house-built device based on international standards (IEC 60243-1 (1998) and IEC 60243-2 (2001)). The lm was placed on a plastic frame containing 12 holes and subsequently was slid between two metal electrodes which were hemi-spherical and 20 mm in diameter. For each sample, the electrical breakdown strength was measured and repeated 12 times, with a stepwise increasing voltage of 50-100 V per step applied at a rate of 0. For stress-strain relationships, ultimate strengths and ultimate strains, as well as the Young's moduli at 5% strain, were measured in extensional rheological tests performed on an ARES-G2 rheometer using a SER2 universal testing platform consisting of two rotating drums 10.3 mm in diameter. The lateral offset of the centre axis of the two rotating drums was 12.7 mm. The sample was prepared in the following dimensions: 6 mm (width), 30 mm (length) and 1 mm (thickness). The ends of the sample were secured by means of strong glue to the surfaces of the rotating drums and then elongated within a conned length by winding up the sample with two rotary drums. Engineering strain and stress were used in the stressstrain relationship and were calculated from the measured Hencky strains and from the measured torque over the crosssectional area of the sample, respectively (refer to ESI 1, eqn (1)-(5) † for details on engineering stress and strain).
The morphologies of prepared elastomers and the reference elastomer were inspected via scanning electron microscopy (SEM) images, which were performed on an FEI Quanta 200 ESEM FEG. Cross-sectional SEM samples were coated in 2 nmthick gold by means of a sputter coater (Cressington, model 208HR) under vacuum conditions and a current of 10 mA. A eld emission gun with an accelerating voltage between 500 V and 30 kV was applied to detect the element distribution prole on the surface of the samples.
PDMS-PPMS copolymer synthesis
The procedure used to synthesise the PDMS-PPMS copolymer was taken from A Razak and Skov.
21 PDMS-PPMS copolymers were prepared through the hydrosilylation of hydrideterminated PPMS and vinyl-terminated PDMS, as illustrated in Scheme 1. The synthesised copolymer was telechelic hydridefunctional. The theoretical number of PDMS-PPMS repeating units in the copolymer (X 1 ) was calculated from the targeted M n of 30 kg mol À1 . The mixture containing DMS-V21, PMS-H03 and a 30 ppm Pt catalyst was speed-mixed at 3000 rpm for 5 min.
The stoichiometric ratio for preparing the PDMS-PPMS copolymer (r 1 ) was calculated from the ratio (X 1 + 1) to X 1 .
2.3 Synthesis of PDMS-PEG copolymers
PDMS-PEG copolymers were synthesised as described by A Razak et al. 16 The theoretical number of PDMS-PEG repeating units in the copolymer (X 2 ) was calculated from M n of 30 kg mol
À1
. The stoichiometric ratio for preparing the PDMS-PEG copolymers (r 2 ) was calculated from the ratio (X 2 + 1) to X 2 . 16 The synthesis of the PDMS-PEG copolymer was based on the hydrosilylation of hydride-terminated PDMS and vinyl-terminated PEG, as shown in Scheme 2. The synthesised PDMS-PEG copolymers were telechelic vinyl-functional.
Various volume fractions of PDMS in the PDMS-PEG copolymer were obtained by varying PDMS chain lengths, i.e. repeating PDMS units (m 2 ) were varied such that m 2 ¼ 3, 7, 14, 81, while the number of repeating PEG units remained constant (n 2 ¼ 4). The synthesised copolymers were named PDMS3-PEG, PDMS7-PEG, PDMS14-PEG and PDMS81-PEG, respectively.
Binary copolymer blends and sample preparations
PDMS-PEG copolymers were incorporated into a PDMS-PPMS copolymer in concentrations of 10 and 20 phr before being speed-mixed at 3500 rpm for 2 minutes. The loadings of 10 and 20 phr are considered low and high loadings, respectively. One possible network is illustrated in Fig. 1 , such that hydride-functional PDMS-PPMS copolymers may bond covalently to vinyl-functional PDMS-PEG copolymers to form double copolymers, while some of them may cross-link with vinyl-functional cross-linkers (VDT-431) and vinyl-functional PDMS-PEG copolymers cross-link with hydride-functional cross-linkers (HMS-501). The stoichiometric ratio for both cross-linking reactions between PDMS-PPMS and VDT-431, and between PDMS-PEG and HMS-501 were 1.5.
16,21 Blends containing copolymers, cross-linkers, 30 ppm of Pt catalyst, 25 parts per hundred rubber (phr) of silica and 25 phr of VMS solvent (OS-20 from Dow Corning) were speed-mixed at 3000 rpm for 4 minutes.
The nal mixtures were cast on Teon substrates for easy release, and the lms were prepared at thicknesses of approximately 1 AE 0.5 mm and 100 AE 35 mm, as thick and thin lms, respectively. Thin lms were used for the measurement of electrical breakdown strength and thick lms were used for measurements of linear viscoelasticity (LVE), the stress-strain relationship and dielectric properties. All lms were placed in a vacuum oven at 23 C for 2 hours and were subsequently cured The cross-linked PDMS-PPMS copolymer containing 80 repeating DMS units and two repeating PMS units, referred to as 80DMS_2PMS. 80DMS_2PMS, was used as the reference elastomer and was prepared without incorporating the PDMS-PEG copolymer. Due to its proven versatility as a voltagestabilised silicone elastomer, 80DMS_2PMS was utilised in all prepared binary copolymer blends (BCBs). Furthermore, 80DMS_2PMS has been proven to possess the most increased electrical breakdown strength compared to other PDMS-PPMS elastomers.
21 Details of the cross-linked BCBs containing 80DMS_2PMS and PDMS-PEG copolymers, and the reference elastomer, are shown in Table 1 .
Results and discussion
A cross-linked binary copolymer blend consisting of PDMS-PPMS and PDMS-PEG copolymers can potentially assemble into several distinct morphologies or combinations thereof. The targeted morphology of the binary system of copolymer blends containing PDMS-PEG and PDMS-PPMS copolymers is a welldened structure forming a continuous PDMS-rich phase and discontinuous phases of PEG and PPMS, as illustrated in Fig. 2 . Alternatively no microscopic phase separation is desirable. However, with silicone polymers (and thus elastomers) this is very difficult -if not unrealistic -to achieve a completely homogeneous blend which is crosslinked into a likewise homogeneous network.
Synthesised PDMS-PPMS copolymer (80DMS_2PMS)
It has been shown previously that PDMS-PPMS copolymers possess excellent mechanical properties when they are crosslinked with a vinyl-functional cross-linker. 21 All vinyl groups of PDMS were consumed during the hydrosilylation of vinylterminated PDMS and hydride-terminated PPMS, which was conrmed by the disappearance of the Si-CH 2 ]CH 2 bond signal at 5.8-6.2 ppm in the 1 H-NMR spectra (refer to ESI 2 for NMR spectra in Fig. S1 †) . The synthesised PDMS-PPMS copolymer was telechelic hydride-functional. The determined molecular weight of 80DMS_2PMS was 32 kg mol À1 , while the molar concentration of phenyl groups of 80DMS_2PMS was 8.8 Â 10 À4 g mol À1 , determined from NMR integration areas. 21 A PDMS-PPMS copolymer containing a PDMS chain length of m 1 ¼ 80 and a PPMS chain length of n 1 ¼ 2 (80DMS_2PMS) was used in all cross-linked binary copolymer blends (BCBs), due to the highest electrical breakdown strength (E BD ¼ 72 V mm À1 ) of the tested elastomers.
Synthesised PDMS-PEG copolymers
The disappearance of the Si-H bond signal at 4.70 ppm was checked by 1 H-NMR for a complete conversion of hydride PDMS groups in the hydrosilylation of hydride-terminated PDMS and vinyl-terminated PEG; refer to ESI 2 for NMR spectra in Fig. S2 -S5. † Determined molecular weights from the SEC of PDMS-PEG copolymers PDMS81-PEG, PDMS14-PEG, PDMS7-PEG and PDMS3-PEG were 49, 29, 3 and 5 kg mol À1 , respectively. 
Linear viscoelasticity
To evaluate the effect of loading different types of PDMS-PEG copolymers on viscoelastic properties, the prepared elastomers were characterised rheologically, as shown in Fig. 3 as well as that of the reference elastomer. It is obvious from Fig. 3 that all of the prepared elastomers maintain their network integrity in the small deformation regime.
Stress-strain relationship
Stress-strain curves and the Young's moduli of prepared samples are shown in Fig. 4 and Table 2 , respectively. It is evident from Fig. 4 that all prepared samples and the reference elastomer have reduced their strain-hardening behaviour compared to the reference. The cross-linked BCBs with 10 and 20 phr of PDMS81-PEG show the most increased ultimate strain together with a stress-soening behaviour, indicating the irreversibility of the stress-behaviour of the thermoplastic part of the elastomer arising from the crystallinity of the PEG-rich domains (refer to Fig. 4) . Furthermore, most elastomers mentioned herein possess higher or comparable ultimate strains than that of the VHB 4910 elastomer from 3 M, where VHB 4910 possesses an ultimate strain of 800%, as reported by Tugui et al. 26 On the other hand, the cross-linked BCB with 20 phr of PDMS14-PEG shows very low ultimate strain, indicating that the high loading of the PDMS14-PEG copolymer deteriorates network integrity, due to the macroscopic phase separation of PEG domains in the copolymer blend matrix.
All cross-linked BCBs show decreased ultimate strength compared to the reference elastomer. Cross-linking with 10 phr of PDMS14-PEG results in the most increased ultimate stress compared to other cross-linked BCBs, due to semi-crystalline PEGs acting as reinforcing domains.
Obviously, the resulting Young's moduli of all cross-linked BCBs are low, as well as that of the reference elastomer, as shown in Table 2 . In comparison to the commercial silicone elastomer (RT625 from Wacker Chemie, Y ¼ 1 MPa), all crosslinked BCBs and the reference elastomer are soer.
Dielectric properties
The conductivity and dielectric properties of the prepared elastomers are shown in Fig. 5 and 6 , respectively. The resulting The resulting relative permittivity for the prepared elastomers with a low loading (10 phr) of PDMS-PEG copolymers is lower than the reference elastomer, except the cross-linked BCBs with 10 phr of PDMS7-PEG, which shows increased relative permittivity, improving by 27%. For the prepared elastomers with a high loading (20 phr) of PDMS-PEG copolymers, the relative permittivities are almost higher than the reference elastomer, whereby the cross-linked copolymer with 20 phr of PDMS7-PEG has the highest relative permittivity. Fig. 6 clearly shows that the cross-linked copolymers with low and high loadings of PDMS7-PEG possess increased relative permittivity, compared to the other elastomers and the reference. The phase separation of PDMS-PEG copolymers in the PDMS-PPMS matrix seems to occur on the micro-or nanoscopic scale, since the elastomers are macroscopically homogenous, as observed from light microscopy.
Dielectric losses, here represented by tan(d), are relatively low for all cross-linked copolymers as well as the reference elastomer (see Fig. 6 ). Similar to the relaxation in Fig. 5 , the cross-linked BCB with 20 phr of PDMS3-PEG shows increased relaxation occurring at the same frequency.
SEM imaging shows obviously different morphologies for prepared elastomers, as illustrated in Fig. 7 . The SEM image of the cross-linked BCB with 20 phr of PDMS7-PEG shows clearly distinct PEG rich domains (white circles), which are welldistributed in the PDMS matrix, thereby indicating that a homogeneous elastomer on the macroscopic scale has been obtained (see Fig. 7b ). On the other hand, SEM imaging of the reference elastomer shows the presence of PDMS and PPMS rich domains in the matrix (see Fig. 7a ). Furthermore, the reference elastomer has a triangular pattern (PDMS rich domain) and that of a bent rectangle (PPMS rich domain), which is agrees with the SEM image of the cross-linked PDMS-PPMS copolymer 21 (see Fig. 7a ). Other SEM images of prepared elastomers, which show different morphologies, can be seen in ESI 3, Fig. S6 . † For the reference elastomer, the PDMS-rich domains enhance elastomer soness, whilst PPMS domains which act as rigid zones reinforce the network, thus resulting in an elastomer with increased ultimate stress and increased ultimate strain, as shown in Table 3 . Fig. 5 The conductivity of 80DMS_2PMS elastomers with different concentrations of PDMS-PEG copolymers at 23 C. Fig. 6 The dielectric properties of 80DMS_2PMS elastomers with different concentrations of PDMS-PEG copolymers at 23 C.
Electrical breakdown and Weibull analysis
The inuence of the different PDMS-PEG copolymer and their concentrations in cross-linked BCBs on electrical breakdown strength was investigated. The thicknesses of the prepared samples were in the range of 81 to 135 mm. The resulting electrical breakdown strengths of prepared elastomers incorporating PDMS-PEG copolymers are shown in Table 4 . The crosslinked BCBs with 10 and 20 phr of PDMS14-PEG possess the highest electrical breakdown strength, namely 80 AE 5 and 81 AE 18 V mm À1 , respectively, improving by approximately 10% compared to the reference elastomer. Increased electrical breakdown is most likely due to the synergistic effect of the favourable phase separation of PEG and voltage stabilisation. Moreover, the cross-linked BCBs with PDMS7-PEG and PDMS3-PEG with a loading of 20 phr possess increased electrical breakdown strength compared to the reference elastomer. Clearly, the incorporation of PDMS81-PEG in the BCB decreases electrical breakdown strength (see Table 4 ), which indicates that PDMS81-PEG may destabilise voltage stabilisation and hence deteriorate the charge trapping effect caused by the pelectrons of phenyl groups. The electrical reliability of the prepared elastomers was investigated via Weibull analysis. The b-parameter, the Weibull shape parameter, was determined from the slope of the Weibull plot of failure probability versus electrical breakdown strength. The h-parameter, the Weibull scale parameter, was determined at the point at which failure probability, ln[Àln(1 À F)], was 63.2%. 16 Due to different lm thicknesses, the determined electrical breakdown strengths were normalised, based on a reference thickness for better comparison. Normalised dielectric breakdown strengths were calculated using the equation of normalised electrical breakdown strength veried by Zakaria et al. 27 The reference thickness for normalisation was 100 mm. The results for the Weibull h-and b-parameters, R 2 of the linear ts for cross-linked copolymers and normalised electrical breakdown strength are presented in Table 4 . 21 Further investigation into electrical breakdown was performed to evaluate whether increased electrical breakdown strength is the effect of changes in other properties, e.g. increased stiffness, increased relative permittivity or increased stretchability. The inuences of the Young's modulus and relative permittivity on electrical breakdown strength are shown in Fig. 8, and 9 . No obvious trend can been seen in Fig. 8 for increased electrical breakdown strength as a function of elastic modulus, indicating strongly that the increased electrical breakdown strength of all prepared elastomers is due to the synergistic effect of voltage stabilisation and/ or the favourable phase separation of PEGs rather than due to increased stiffness and thus resistance towards actuation. No clear trend can be observed for electrical breakdown strength versus relative permittivity, indicating that the increased electrical breakdown strength is not due to increased relative permittivity (see Fig. 9 ). Likewise the effect of lm thickness on electrical breakdown strength was investigated in order to eliminate all possible experimental artefacts. Again, there is no obvious correlation as observed from Fig. 10 which again conrms that the voltage stabilization is an electrical effect. The theoretical actuation strains were calculated from the actuation equation, 30 by assuming the maximum applicable electrical eld, i.e. electrical breakdown strength can be realized and the elastomer does not break down mechanically or electromechanically before electrically. 21 Theoretical actuation strains and measured ultimate strains are shown in Table 5 . The elastomer with 10 phr of PDMS81-PEG, which is highly extensible, shows the lowest theoretical actuation strain compared to the other elastomers. No correlation can be made from Table 5 about the dependence of theoretical actuation strain on ultimate strain. Previous theory predicts that the maximum actuation strain may of the electrical breakdown strength with the Young's modulus. This is obviously not valid for the investigated phase-separating system. Fig. 9 Electrical breakdown strength versus relative permittivity. Existing theories predict that the electrical breakdown strength scales with the square root of dielectric permittivity. Usually a strong increase in the electrical breakdown strength is observed with decreased thickness of elastomer film due to the reduction of volume and thus number of defects.
be achieved for the elastomer which is highly extensible.
21
However, a large actuation strain is also inuenced by other parameters such as increased electrical breakdown strength and increased relative permittivity. Obviously, elastomers with decreased ultimate strain, such as the example with 20 phr of PDMS14-PEG, may break down mechanically before they break down electrically (see Table 5 ). However, it is obvious that this type of silicone elastomer is in general more stretchable than the maximum actuation demands.
Conclusions
A so elastomer with high extensibility was prepared from phase-separating a PDMS-PEG copolymer in a binary copolymer blend consisting of a PDMS-PPMS copolymer as the primary copolymer. The elastomer possessed simultaneously increased relative permittivity and electrical breakdown. The increased electrical breakdown strength is due to voltage stabilisation arising from the phenyl groups of PPMS, while increased relative permittivity without achieving conductivity is due to the favourable phase separation of PEG constituents in the binary copolymer blend matrix. Thereby a facile method towards so, reliable elastomers with good electrical properties allowing for large-strain actuation has been shown. 
